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Abstract 
Performance Assessments (PA) of CO2 storage systems must consider all performance-relevant processes and all 
relevant spatial scales within the storage reservoir and the surrounding environment. Simplified whole-system 
process models (“systems models”) help meet this goal by enabling different future evolution scenarios for an entire 
CO2 storage site to be investigated, and complement more detailed models of specific storage system components, 
such as reservoir models. During the EC-supported CO2ReMoVe project a generic systems model was developed and 
applied to the In Salah CO2 storage site in Algeria. This work identified how best to employ systems models within 
an overall PA workflow. 
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Performance Assessments (PA) of any underground CO2 storage need to consider all processes that 
could potentially influence the safety and effectiveness of the storage. The PA should determine the 
sensitivities of performance metrics, such as reservoir pressure or the location of the stored CO2 plume’s 
margin, to parameter and conceptual uncertainties. Knowledge of these sensitivities can then inform 
judgments about whether storage will be safe and effective. In practice to determine the sensitivities it is 
necessary to simulate couplings among all processes that could impact upon the safety and effectiveness 
of CO2 storage. Additionally, while CO2 is not expected to leak from a well-chosen and managed “storage 
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complex” (the storage reservoir and surrounding rocks and structures that can affect overall storage 
integrity), it is desirable to analyze “what-if” scenarios that describe hypothetical unexpected site 
behaviours. The outcomes of such analyses are a basis for decision-making and risk communication to 
stakeholders, and also aid the development of monitoring and mitigation plans, which is required by the 
European Commission’s (EC) Storage Directive (2009/31/EC). 
To meet these requirements of PA, numerical models are needed to analyze all potentially 
performance-relevant processes at all relevant spatial scales in all the important sub-systems of a storage 
site. Examples of such processes are: multi-phase flow of CO2 and other fluids, including water and liquid 
hydrocarbons; dissolution of CO2 in formation water; and chemical reactions between aqueous CO2 
solutions and rocks or engineered materials. Relevant spatial scales range from millimetres (e.g. thickness 
of a well casing) to 10’s of kilometres (e.g. an entire storage system, including the reservoir and all 
geological seals). Examples of relevant sub-systems are: individual wells / boreholes; individual 
geological structures such as faults; the entire storage complex; and the wider environment, including the 
caprock, the shallower overburden and all domains that could potentially be impacted should CO2 leak 
from the storage complex. Numerical analysis of processes at these different spatial scales in the various 
sub-systems involves making compromises between the spatial discretization of the models used and the 
number of processes that can be represented. Generally, the smaller the spatial discretization or the more 
processes that are represented, the longer the time required to run a particular model. Therefore, to enable 
simulations to run in a reasonable time, finely discretized models generally need to represent relatively 
few processes, whereas models that represent many processes need to be relatively coarsely discretized.  
During most PA to date, each sub-system within a CO2 storage site has been analyzed with a model 
developed using particular specialist software. The outputs from the different models are then used to 
support overall judgments about performance. This approach gives valuable insights, but can obscure the 
sensitivity of processes at different spatial scales in a particular sub-system, and / or the sensitivity of 
processes in one sub-system to processes in a different sub-system. Additionally, using different models 
and / or software packages to analyze different scales and sub-systems makes it difficult to explore 
different “what-if” scenarios, because the effects of changing parameters and/or represented processes in a 
given sub-system must be propagated to the site scale using a sequence of models. Therefore, to 
complement specialist sub-system models, it is also desirable to develop whole-system process models 
(“systems models”). However, systems models have been used very little during the PA of actual CO2 
storage and the optimal application of such models within an overall work-flow therefore requires 
clarification. For this reason, as part of the EC-supported CO2ReMoVe project, a generic systems model 
was developed using Quintessa’s QPAC software (Quintessa [1]). The model was then adapted and 
applied to the demonstration CO2 storage site at Krechba, near In Salah in central Algeria.  
 
2. The generic systems model 
Initially to demonstrate that QPAC could represent all the key processes before it was applied to a 
specific site, a model for a “generic” on-shore CO2 storage site was developed (Fig. 1). The horizontal and 
vertical distance scales considered (10 km and 2.5 km respectively) are in the same order as the scales of 
an actual storage site.  Stylized representative strata (reservoir, caprock and overburden) were 
represented, but different geologies and more complex and realistic geometries can be considered readily. 
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Fig. 1. Schematic illustration of the generic systems model.
The generic model is divided into two subsystems, a “deep” subsystem and a “near-surface 
subsystem”, which are connected by CO2 transport (Fig. 2). The former subsystem considers the lower 
part of the overburden and deeper rock units.  The model represents a simplified reservoir simulation 
addressing the following processes:
1. multi-phase flow of water and CO2;
2. CO2 dissolution in water;
3. CO2 injection and migration around leaky well annuli; and
4. geochemical processes that may influence long-term CO2 mobility, notably calcite precipitation.
Fig. 2. Schematic illustration of the linkage between deep and shallow sub-systems.
The “near-surface” subsystem considers a different set of processes for a typical aquifer system in the
presence of CO2.  The near-surface processes include:
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1. Darcy flow of CO2 and water as distinct layered phases; 
2. dissolution and transport of CO2 in groundwater;
3. CO2 surface seepage via advection and diffusion; and 
4. pH changes to groundwater.
3. Application of the systems model to In Salah
3.1. The In Salah CO2 storage project
During the In Salah Gas Project (ISG), CO2 is being stored in the Krechba Field in central Algeria
(Fig. 3).
Fig. 3 The location of the CO2 injection project at Krechba, In Salah, Algeria (after Mathieson et al. [2]). CO2 injection wells are 
shown in blue, while natural gas production wells are shown in red.
The ISG is a Joint Venture (JV) Project between BP (33%), Sonatrach (35%) and Statoil (32%) and 
has been described in Mathieson et al. [2] and Iding and Ringrose [3]. Natural gas is extracted from a 
c. 1850 m - c. 1950 m deep Carboniferous sandstone reservoir and contains 5-10% CO2. Before the 
natural gas can be sold in European markets, most of this CO2 must be separated to attain a residual CO2
concentration of 0.3%. From 2004 until 2011 the separated CO2 was compressed, dehydrated,
transported, and then injected into the saline water-bearing leg of the producing gas formation (Fig.3).
 R. Metcalfe et al. /  Energy Procedia  37 ( 2013 )  3859 – 3866 3863
The CO2 reservoir is sealed by a c. 950 m thick mixed rock sequence, which is composed predominantly 
of mudstones.  This sequence is overlain unconformably by c. 900 m of Cretaceous sandstones and minor 
mudstones. The Cretaceous sandstones include a regional aquifer containing potable water.  
3.2. Adaptation of the generic systems model 
During the CO2ReMoVe project the systems model was adapted and applied to the In Salah CO2 
storage site in Algeria using a simplified, but structurally representative 3D physical model. The modified 
systems model was tested by comparing its outputs with those of reservoir simulations carried out by 
other partners in CO2ReMoVe (e.g. Deflandre  et al. [4]). The testing established that the spatial 
resolution, collection of represented processes and overall systems modelling approach produced results 
that are consistent with those from detailed reservoir models of the storage system. The tests involved 
simulations for time periods of up to 1000 years. 
3.3. Analysed scenarios 
The systems model was used to analyse several evolution scenarios. Paulley et  al. [5] describe these 
scenarios in detail and the systematic approach by which they were derived to ensure that all 
performance-relevant system aspects are represented and that uncertainties in possible system behaviour 
are considered. In summary the considered scenarios are:  
 
1. a “Normal Evolution Scenario” (NES) in which CO2 is injected into the reservoir as currently 
planned by the site operator and is then contained “as expected”; and 
2. three hypothetical alternative evolution scenarios: 
a. well seal failure; 
b. fracturing of the caprock; and  
c. over-filling.  
 
Four different timescales were investigated:  
 
1. a “historical period” covering CO2 injection prior to the time of modelling (c. 3 years); 
2. the entire initially planned injection period (to c. 25 years after the start of injection);  
3. a post-operational period of 1000 years; and  
4. a post-operational period of 10,000 years.  
 
Initial simulations included only multi-phase flow of water, CH4 and CO2, and CO2 dissolution in the 
formation water; CO2-water-mineral reactions were excluded. Subsequent simulations then evaluated the 
most important uncertainties by exploring the following variants to the NES: 
 
Variant 1 included CO2 storage in the 20 m thick rock unit (the D70 horizon) immediately below the 
reservoir. 
Variant 2 considered the impact of varying the conceptual assumptions informing the head boundaries 
on the north and east sides of the model.  
Variant 3 included a mineral (calcite) trapping mechanism. 
 
The approach was not to simulate all the scenarios explicitly, but instead to deduce system behaviour 
in each one based on the outputs from a variety of simulation cases. These simulations included bounding 
cases designed to explore the potential significance of hypothetical extreme behaviours. 
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3.4. Outputs from the systems modelling of In Salah 
In simulations of the NES, no CO2 left the containment system because of the natural geological trap 
which is present and progressive CO2 dissolution in formation water (Fig. 4). The inclusion or exclusion 
of key features (e.g. the D70 horizon, and alternative boundary conditions) had relatively minor impacts 
during the historical period, but larger impacts on the long-term evolution of the system, particularly the 
speed of pressure recovery after the end of CO2 injection and natural gas production. Including the D70 
horizon decreased the simulated bottom hole pressures (BHP) at the injection wells, but pressure 
variations over the injection period were similar to the case where the D70 horizon was excluded (Fig. 5). 
 
Fig. 4.  (a) The base case showing simulated CO2 saturation in the reservoir for the period between August 2004 and August 2007, 
when injection at KB-502 was suspended. (b) Simulated CO2 saturation in the reservoir in 2028 for a case in which CO2 injection 








Fig. 5. Simulated BHP for variants of the case shown in Fig. 5b, calculated by making certain assumptions about reservoir 
properties and matching outputs from other dynamic models. (a) The base of the reservoir is a no-flow boundary. (b) There is a 20 
m thick moderately permeable horizon (the so-called D70 horizon) beneath the reservoir. KB-501, KB-502 and KB-503 are the CO2 
injection wells, while KB-11, KB-12, KB-13 and KB-14 are the gas extraction wells.  
The potential significance of hypothetical leakage pathways such as faults or boreholes with failed 
seals, was found to be strongly controlled by the reservoir pressure relative to the near surface. The gas 
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production means that there is a pressure drawdown in the CO2 storage reservoir. If the underpressure is 
less than hydrostatic, fresh water will tend to enter the system along the leakage pathway, dissolving any 
rising free CO2 and thus entraining any leaking CO2 back into the reservoir (e.g. Fig. 6). Only if the 
system were to be over-pressured, for example by over-filling, could there be significant net CO2 leakage. 
However, overfilling could not occur accidentally at this well-characterised and monitored site.  
 
Fig. 6. (a) Location relative to KB-503 of a hypothetical faulted zone that becomes permeable 30 years after the start of injection.  
(b) CO2 saturation in the uppermost reservoir for a case that includes the fault shown in (a)., indicating a zone of low CO2 saturation 
where water is drawn into the reservoir from shallower rock formations via the fault. (c) For comparison, CO2 saturation in the upper 
reservoir at 100 years is shown for a case that is the same as the one shown in (b) except for excluding the fault. 
Mineral trapping as calcite was found to be insignificant in comparison with trapping via CO2 




Fig. 7. The pH at the top of the reservoir for two cases where CO2 is trapped by calcite precipitation. In (a) and (b) the reaction rate 
is 1.0e-12 mol/m2/s whereas in (c) and (d) the reaction rate is 1.0e-11 mol/m2/s. 
4. Conclusions 
Whole-system process models representing all the major processes that influence a CO2 storage 
system’s evolution can complement specific models of particular processes or storage system domains, 
such as specialized reservoir models. Such systems models can be used to explore uncertainties in a 
flexible and efficient manner by (for example):  
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efficiently analysing the sensitivity of overall system performance to all key processes operating in all 
important sub-systems;  
representing relatively many processes and coupling between them, where required; and  
enabling the investigation of alternative scenarios for system evolution more rapidly than might be 
possible using other tools and approaches.  
 
Particular applications of the “systems model” approach within an overall workflow are therefore:  
 
provision of a “test bed” for more detailed models;  
identification of key issues that warrant further, more detailed investigation;  
initial planning of CO2 storage; and  
communication of key performance-relevant issues to stakeholders.  
 
It is suggested that systems modelling should be carried out iteratively during the course of a project, 
as a tool for rapidly appraising new information and for planning the next phase of work. 
During the CO2ReMoVe project a generic systems model of CO2 storage was developed using the 
QPAC software. This model was adapted to represent CO2 storage at In Salah in Algeria, and used to 
explore alternative scenarios for the site’s possible future evolution. Simulations using the model 
demonstrated that for the expected evolution no CO2 will leave the containment complex, due to the 
presence of a natural geological trap and progressive CO2 dissolution in groundwater. The pressure 
drawdown of the reservoir caused by natural gas production is expected to contribute to CO2 containment 
by ensuring that there is little or no long-term pressure gradient to drive CO2 to shallower stratigraphical 
levels, even if unidentified leakage pathways occur. The inclusion or exclusion of key features (e.g. the 
D70 stratum and alternative boundary conditions) have little influence on simulation outputs during the 
historical period over which the model was calibrated, but can be more significant for long-term system 
evolution. Nonetheless, the simulations support the overall long-term security of CO2 storage at this site. 
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